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Do graded potential synapses work the same way as
action potential synapses? Recent work emphasizes
the differences and suggests that graded potential
synapses are not all the same either.
The job description for most synapses in the brain
includes a great deal of waiting. Every now and then an
action potential invades the presynaptic terminal, opens
Ca2+ channels and then, with some finite probability, the
influx of Ca2+ ions triggers the exocytosis of a vesicle of
transmitter. But before and after this millisecond of
excitement there are generally long periods when not
very much happens. This light workload for synapses is
possible for neurons that use the action potential code,
but not all neurons use this code. Some primary recep-
tor cells, such as auditory hair cells, photoreceptors and
electroreceptors, as well as some of the interneurons in
the retina, signal with graded potentials operating over
a range of a few tens of millivolts. 
For neurons of this latter kind, transmitter has to be
released continuously and at a sufficiently high rate that
small changes in voltage can be adequately resolved as
changes in release rate. Ultimately, our ability to dis-
criminate light from dark, and quiet from loud, depends
upon these synapses and unraveling their mechanism
has stimulated some of the cleverest experiments in all
of recent cellular neuroscience, and yet conclusive
answers to many of the most basic questions remain
tantalizingly just out of reach. Three recent papers [1–3]
have brought us a little closer to answers for two of the
most important questions: How does Ca2+ control
transmitter release? And what is the function of synap-
tic ribbons?
As Ca2+ is the messenger that triggers transmitter
release, the details of the relationship between Ca2+
concentration and transmitter release are crucially
important, not only for understanding the working of
synapses, but also as a clue to the molecules involved
in exocytosis. Are graded synapses and action potential
synapses similar with respect to Ca2+? It is beginning to
look as though there may be no general answers, only
particular answers.
It was thought that action potential synapses require
heroic concentrations of Ca2+, in excess of 100 µM [4],
in other words about one thousand-fold above resting
concentration. However, examination of a large, action
potential synapse in the vertebrate brainstem, called the
Calyx of Held, showed that the Ca2+ threshold for
transmitter release lies around a few micromolar [5]. At
the Calyx of Held, the rate of exocytosis depends on
Ca2+ concentration raised to the fourth or fifth power,
implying that five Ca2+ ions cooperate in the exocytosis
of a single vesicle. This cooperativity, first described at
the neuromuscular junction [6], is thought to obtain at
other action potential synapses where it speeds the
turning on and turning off of transmission and also
renders the synapse exquisitely sensitive to small dif-
ferences in Ca2+ concentration.
How about graded potential synapses? For cochlear
hair cells, the threshold Ca2+ concentration is about
8 µM [7], similar to that of the Calyx of Held, and again
there is a high degree of cooperativity between Ca2+
ions. For retinal bipolar cells, however, despite some
superb experimental work, the answer is still controver-
sial, with two techniques yielding quite different
answers. 
One of these techniques measures exocytosis as an
increase in the electrical capacitance of a cell’s
membrane. Studies using this method indicate that
bipolar cells require at least 10–20 µM Ca2+ to trigger
synaptic transmission [8]. The other method that has
been applied to this question uses a fluorescent dye to
label synaptic vesicles. Use of this method indicated
that bipolar cells have continuous exocytosis even at
Ca2+ concentrations below 1 µM [9,10]. Both results
have received subsequent support [11,12] and we will
have to wait to see how this discrepancy is resolved in
bipolar cells, but meanwhile there is renewed interest in
the graded synapses of photoreceptors.
In their new study using the capacitance measure-
ment method, Thoreson et al. [1] found that sub-
micromolar concentrations of Ca2+ are sufficient to
permit transmitter release from the synaptic terminals of
salamander rods. This is consistent with the results
Rieke and Schwartz [13] obtained with the fluorescent
dye method. Thoreson et al. [1] went on to show that,
quite unlike the high cooperativity seen at action poten-
tial synapses, the rate of vesicle fusion at this graded
synapse is approximately proportional to cytoplasmic
Ca2+ concentration over much of the physiological
range. It would seem from this that rod photoreceptors,
having no need for speed, are equipped with synapses
of a very different design. There is, however, a contrary
opinion: Kreft et al. [14], also using capacitance mea-
surements, found that both rods and cones of the sala-
mander have a much higher Ca2+ threshold for
transmission of 15 µM. 
Anatomically, graded potential and action potential
synapses are dissimilar. Many graded potential
synapses have a presynaptic structure, called a synap-
tic ribbon, not found in action potential synapses. This
intriguing object is spherical in some neurons and
plate-like in others, but is always pressed up against
the presynaptic membrane and surrounded by a halo
of synaptic vesicles. From the earliest descriptions of
these structures it seemed that they were a key design
feature of these synapses, but their exact role in
moving or holding vesicles is controversial [15]. Two
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groups [2,3] have recently addressed the question of
vesicle cycling at graded synapses using both fluores-
cent labeling of vesicles and electron microscopy. One
group [2] examined the synaptic terminals of cones
from lizard retina, while the other [3] examined fish
bipolar cell terminals. 
Although synaptic ribbons are covered in vesicles, a
far greater number of vesicles are found throughout the
synaptic terminal cytoplasm. Using photobleaching
(Figure 1), both groups [2,3] calculated the diffusion
coefficient of vesicles and concluded that, unlike in
action potential synapses where reserve vesicles are
tightly anchored to the cytoskeleton, in these terminals
the diffusion of vesicles is more or less unhampered.
This makes sense, as ribbon synapses contain no
synapsin, the protein that elsewhere links vesicles to
cytoskeleton. While the two groups agree on the mobil-
ity of vesicles within these two terminals, they reach dif-
ferent conclusions concerning endocytosis. Rea et al.
[2] find that individual vesicles are recycled, whereas
Holt et al. [3] find that 80–90% of recovered membrane
is first taken up as bigger chunks. This difference in
findings may reflect a real difference in endocytosis of
the two neuron types.
Holt et al. [3] used electron microscopy to look at
ribbons while transmission was stimulated by depolar-
ization. They found that the number of free vesicles in
the synaptic terminal was reduced along with the
docked vesicles at the base of the ribbon. The number
of vesicles stuck to the ribbon, however, was
unchanged. Together with the finding that vesicles are
freely diffusible in the terminal, this leads to the idea that
ribbons have a high affinity for vesicles and, as the
authors calculate, random diffusion allows vesicles to
bump into a ribbon at a rate of 900 collisions a second.
Once on the ribbon, vesicles are unlikely to come off
except when they enter the docking site and undergo
vesicle fusion. The fact that docked vesicles at the base
of a ribbon are depleted during stimulation argues that
this docking step is rate limiting, consistent with a study
[12] in which vesicles at the bottom of a ribbon were
visualized individually. This study concluded that
docking and getting ready for vesicle fusion takes a
minimum of 250 milliseconds.
These findings are a significant step forward in
understanding ribbons, but they raise more questions.
If vesicles are freely diffusible, how is it that they do not
diffuse up the axon and become lost in the cytoplasm
of the cell body? A more difficult conundrum is posed
by the energetics of the interactions between vesicles
and ribbons. If vesicles bind avidly to ribbons via one or
a few filaments each [16], how is it that vesicles are
apparently mobile on the surface of the ribbon? This
would be easily explicable if an energy source were
involved but the evidence so far is that neither ATP nor
GTP is required for vesicle movement [17]. Very likely
one of these facts about ribbons will turn out to be
wrong.
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Figure 1. Estimation of the diffusion
coefficient for synaptic vesicles. 
Synaptic vesicles within the spherical
synaptic terminal of a bipolar cell are
shown here labeled with a green fluores-
cent dye [3]. Intense laser light was used
to photobleach the vesicles in one half of
the terminal. By monitoring the recovery
of fluorescence in the bleached region as
a function of time, the rate of vesicle dif-
fusion was calculated. A very similar
method applied to cone photoreceptor
terminals also demonstrated that vesicles
are freely diffusible in the cytoplasm [2].
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